Pure iron sheets, following immersion in artificial city water containing chromate ion as inhibitor, were analysed by the angle-resolved XPS technique. The thicknesses of the surface film and contaminant hydrocarbon layer on the specimens when estimated using a flat, multi-layered surface model were apparently dependent on the take-off angle of the photoelectrons. The originn of this apparent take-off angle dependence of the thickness was attributed to the surface roughness of the specimen rather than the porosity of the surface film. The rough surface was approximated with a simplified model surface consisting of facets with a defined inclination angle. The latter was chosen, by a least squares method, so that the calculated thickness of the surface film became independent of the take-off angle. The compositions obtained using a flat surface model are not affected by the roughness correction procedure. However, the composition is dependent on the take-off angle as the result of a non-uniform in-depth distribution of constituents.
Introduction
As a method for obtaining in-depth profiles, the ion-etching technique is very widely used, often in combination with XPS and/or AES. In some of the reported works, the ion-etching technique is treated as if it is a well-established method of uniform removal of atoms in layer-by-layer mode and which does not induce any significant disturbance to the chemical and/or physical states of the material under ion-bombardment.
It is now appreciated that ion-bombardment can not be described in such a simple way1). On the contrary, it introduces a number of complicated phenomena such as preferential sputtering2)-4), surface roughening5),6), reduction to lower oxidation states1),7)-9), heating effects10), and a knock-on effect with mixing of atoms1),11) It has also been observed that chemical reactions may be induced by ion-bombardment. 12 placation of this method to a surface of stainless steel was attempted by Castle and Clayton18). The take-off angle dependent XPS intensities of very simple systems were converted to the depth profiles by using smooth surface models19), 20) The surface roughness which is a feature of practical specimens was not been taken into consideration in the analysis of these data although it does influence XPS intensities21), 22) . In particular, the surface roughness of a specimen will make the real take-off angle quite different from the apparent one. This will effect the quantitative results, especially film thickness, obtained using a smooth surface model, because they depend on the effective escape depth which is, in turn, proportional to the take-off angle. The present authors encountered this problem in the course of an XPS study of pure iron that had been immersed in waters containing inhibitors.
This report aims to clarify the influence of the surface roughness on the quantitative calculation of composition and thickness of surface films and to show a method for correction for the surface roughness effect. The method is illustrated by the quantitative XPS results obtained from iron surfaces previously immersed in artificial city water containing chromate ions as inhibitor.
Experimental
The specimens were iron sheets of 99.95% purity. They were mechanically polished under running water with SiC paper down to 1200 grade, degreased in acetone and dried under a stream of air. After being kept in an air-enclosed storage vessel for 24 h, iron sheets thus prepared were immersed in a water containing Ca2+ (25-100 ppm), Mg2+ (3-25 ppm) for 5 min and 24 h at 20C.
The water was produced by adding calcium chloride, calcium sulphate, magnesium sulphate and sodium bicarbonate of analytical grade to well-stirred distilled water to simulate a city water. Sodium chromate (25-50 ppm as Cr042-) was added as, an inhibitor. After immersion, specimens were rinsed in distilled water followed by drying in a cold air blast and then transferred into the XPS chamber.
A VG ESCALAB electron spectrometer was used for XPS measurements. It was equipped with a hemispherical electron analyzer and was operated in the constant analyzing energy mode. The electrons were excited with Al Ka radiation. The background pressure of the vacuum in the specimen chamber was kept to ca. 1X10-7 Pa by using oil diffusion pumps and cold traps. Measurements were carried out at take-off angles of 10, 30, 50, 70 and 90. The spectra were recorded on a chart recorder and their integrated intensities were obtained by measuring the areas under the recorded peaks.
The quantitative calculation of composition and thickness of the surface film were performed by using the method reported previously23),24) Apparent photoionization cross-sections of the Fe 2p3/2, Cr 2p3/2, Ca 2p electrons and the Mg KL2, 3L2, 3 Auger electrons used for the quantitative analysis were those reported in a previous paper25). The ratio of photoionization crosssection of the C 1s electrons to that of the 0 1s electrons was obtained from the values reported by Scofield26). The surface structure model used for the quantitative calculation was based on a flat surface structure model of three layers, i.e., an outermost contaminant hydrocarbon layer of uniform thickness, a surface film of uniform thickness and an underlying metal bulk iron. Homogeneous distribution of constituents in each layer was also assumed.
Results and Discussion
In the surface films, Fe3+, Fe2+, Cr3+, Cat+ Mg2+, C032-and 0 (as OH-and anhydrous 02-) were found.25) CrO42-was less than the detectable level. The C 1 s spectrum consisted of the main peak at 285.0 eV and a small peak at 290.0 eV. The peak at 285.0 eV is originated from the so-called contaminant carbon, i.e., those hydrocarbons inevitably found on the top of a specimen placed in an ordinary vacuum system. The peak at 290.0 eV corresponds to the carbon in 0032-25). The XPS spectral intensities were first analysed by using the flat-surface, three-layer model. The thicknesses of the surface film, (t0x), and the contaminant layer, (la), obtained for the specimens immersed in the water for 5 min and 24 h are shown in Fig. 1 . Both tox and lc are apparently dependent on the take-off angle of the photoelectrons.
In each case the apparent thickness decreases with decrease in the take-off angle. This tendency is most pronounced when the takeoff angle becomes very small.
It was reported15) that tox was dependent on the X-ray energy of the photoelectron excitation when the surface film was porous. In that case, the measurement was carried out at a fixed take-off angle. The calculation of the thickness is essentially based on the intensity ratio between Vol.
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10 623 those from the surface film and the underlying metallic substrate. The difference in the escape depth caused by the difference in the excitation energy, therefore, resulted in a different contribution from the pores where the real thickness of the film is small. Such non-uniformity of the surface film will influence the results obtained by the angle resolved method. For example, consider a surface film, whose thickness is partly much larger than the escape depth of the photoelectrons and partly as thin as the escape depth (the base of the pore). When this specimen is observed at a high take-off angle, tog will be smaller than the average film thickness because the intensity of the spectrum from the metallic substrate will be observed even when the most of the surface is covered with thicker film substance. At a lower take-off angle, however, tog will appear much larger because of the shading effect of the non-uniformity.21),22) From the foregoing, it is clear that the take-off angle dependence of apparent thickness shown in Fig. 1 does not result from the nonuniformity (porosity) of the surface film and the contaminant hydrocarbon layer. The results will be not explained satisfactorily so long as a flatsurface model is retained.
Rough Surface Model
The real surface of an ordinary specimen is more or less rough in comparison with the order of the escape depth of photoelectrons.
Since the apparent take-off angle is measured from the average surface of the specimen, the real one must be different from the apparent one. One of the simplest models of a rough surface is shown in Fig. 2 (A) , where the surface consists of facets with inclination angle, Of. One facet is inclined positively and the corresponding facet, negatively, relative to the take-off direction. The plane of each facet is at a right angle to the plane which contains both the normal of the average surface of the specimen and the take-off direction. The corrosion product film and the contaminant layer are assumed to be of uniform thickness. In this model, the real take-off angle on the negatively inclined facets will be larger by Bf than the apparent take-off angle which is measured from the average surface, and that on the positively inclined facets will be smaller by Bf than the apparent one. Thus, the intensity of the photoelectrons from the metallic substrate will be larger than the expected one on the negatively inclined facets, and the inclination will contribute to decrease the estimated film thickness, especially at low takeoff angles. The other type of facet should have the opposite effect on the observed thickness, or have no effect at take-off angles lower than of because of the shading effect. For simplicity, the estimation of the influence of the surface roughness was carried out using a more simplified surface model as shown in Fig. 2 (B) , where the positively inclined facets are omitted and the surface is approximated only by the negatively inclined facets. This may be justified because the main interest is in the correction of the decrease of the calculated thickness with the decrease of the take-off angle.
A Method for Correction of Surface Roughness On the model shown in Fig. 2(B) , the computed thickness, ta, can be related to the real thickness, t, as to/sin (Ba) = t/sin (Ba+Bf) where ea is the apparent take-off angle. This equation is obtained from the fact that always the ratio of the film thickness to sin (take-off angle) is compared with the escape depth of the photoelectrons in the equations for the evaluation of the thickness.23), 24) The true thickness should be independent of the take-off angle of the photo-electrons.
Consequently, if an appropriate value of Of is found, t, obtained by using the relationship, t=ta sin (Ba+Bf)/sin (Ba), should be all equal each other when measured at different Ba. Considering the errors involved in the measurements of take-off angles and intensities of XPS spectra, Bf can be determined by minimizing 42, i.e., by making Q42/QBf=0, where 42=(tAv-t(i))2, N is the total number of measurements, tAy= ENI t(i)/N, and t(i) is the calculated thickness at the i'th measurement. The Bf's estimated by applying the above method to the thickness of the surface film were 25 and 16 for specimens immersed for 5 min and 24 h, respectively. The inclination angle thus obtained might well be the reflection of the extent of surface roughness. The thicknesses of the surface films (tox) and contaminant layers (1) on the 5 min and 24 h specimens were re-calculated using these inclination angles. The results are shown in Fig. 3 . It can be seen that tox is now independent of the take-off angle. To obtain Bf, only the relation between t (i) and the take-off angle was used. This same correction also made h independent of the take-off angle as shown in Fig. 3 , indicating that the simplified rough-surface model is sufficiently effective to correct for the influence of surface roughness using the method outlined above.
Take-Off Angle Dependence of Compositions
Using equation (9) in Reference 24, the weight fraction of species i in the surface film will be expressed as:
Iiox where 8a is the apparent take-off angle, and ta and lea are, respectively, the thicknesses of the surface film and contaminant layer obtained by using Ba. Since lca/sinBa=lc/sinB, and to/sin Ba= t/sin B where B is the true take-off angle (=Ba+Bf), t and lc are, respectively, the true thicknesses of the surface film and the contaminant layer, Ciox can be rewritten as follows;
Ilox.klxexp(lc/Ai.sinB)/[1 -exp(t/Ai.sinB)] -exp (t/A n.sinB)] Accordingly, Clox is not changed by the correction procedure. The take-off angle dependence of the calculated composition is the reflection of the non-uniform in-depth distribution of constituents, but should be plotted versus the corrected take-off angle. In Figs. 4-7 ficant uncertainty about the spectral intensity and the take-off angle. Consequently, a new method system must yet be developed to convert the present results to an in-depth profile.
Conclusions
(1) The apparent thickness of layers of uniform thickness on a rough surface structure shows a take-off angle dependence when it is analysed using a multi-layer flat surface model.
(2) The apparent dependence of the thickness on the take-off angle is eliminated by assuming a simplified rough surface model with facets inclined only to the take-off direction of the electrons; the appropriate extent of the inclination can be eval-uated by a least-squares method.
(3) The compositions obtained using a flat surface model are not affected by the roughness correction. However, the composition is truly dependent on the take-off angle as the result of non-uniform indepth distribution of constituents.
